Background and objectives Schizophrenia and Alzheimer's disease are characterised by glutamatergic pathway abnormalities related to N-methyl-D-aspartate (NMDA) receptor hypofunction and cognitive impairment. Glycine is an NMDA receptor co-agonist; inhibition of glycine transporter 1 (GlyT1) should improve NMDA receptor hypofunction. This study evaluated safety and pharmacokinetic properties of BI 425809-a potent and selective GlyT1 inhibitor. Methods In the single-rising dose (SRD) component of this study, subjects were randomised to a single dose of BI 425809 [doses (mg): 0.5, 1, 2, 5, 10, 25, 50, 100 and 150], or placebo. The bioavailability/food effect (BA/FE) component investigated BI 425809 pharmacokinetics following single dosing (25-mg tablet) after overnight fasting or with a high-calorie meal or as solution (25 mg) after overnight fasting. Results Overall, 33/83 (39.8%) subjects had C 1 treatmentrelated adverse event (AE); there were no deaths or serious AEs. Reported SRD part AEs trended towards dose dependency, occurring at the higher doses (mostly central nervous system related). BI 425809 plasma concentrationtime profiles were similarly shaped across all doses and plasma exposure increased proportional to dose. In the BA/FE component, geometric mean ratios for the area under the concentration-time curve from time zero to the last measurable concentration and the maximum plasma concentration for tablet fasted versus solution fasted were 80.5 and 50.0%, respectively, and for tablet fed versus fasted were 125.9 and 142.1%, respectively. Conclusion BI 425809 was generally well-tolerated at doses expected to be clinically relevant. The AE profile suggested possible GlyT1-inhibiting effects. Clinical trial identifier NCT02068690.
Introduction
Cognitive impairment is a core feature of neurodegenerative diseases such as Alzheimer's disease (AD), and is also present in psychiatric disorders such as schizophrenia [1, 2] . Both schizophrenia and AD are characterised by abnormalities in glutamatergic pathways related to N-methyl-D-aspartate (NMDA) receptor hypofunction [2, 3] .
These abnormalities have been associated with cognitive impairment in schizophrenia and AD [4] , and with negative symptoms, such as social withdrawal, decreased eye contact and decreased or muted facial expression in schizophrenia [5] . The NMDA receptors are activated by glutamate and glycine, in which glycine acts as an obligatory co-agonist at the glycine modulatory site on the receptors. Inhibition of glycine transporter 1 (GlyT1; a transporter that regulates the synaptic levels of glycine), should improve NMDA receptor hypofunction by increasing the concentration of glycine in the synaptic cleft [6] . It is hypothesised that an increase in NMDA receptor signalling leads to an increase in synaptic plasticity, which should improve cognitive function and memory (Fig. 1) .
BI 425809, a potent and selective GlyT1 inhibitor, is a new chemical entity, hypothesised to improve cognitive function and memory in patients with schizophrenia and AD [7] . The objective of this Phase I first-in-human study was to evaluate the safety, tolerability and pharmacokinetic profile of single doses of BI 425809, compared with placebo, in healthy male volunteers, and to assess the effect of formulation or food on the pharmacokinetic profile of BI 425809.
Methods

Study Design
This was a Phase I, first-in-human study, conducted at a single site in Germany in healthy male volunteers (NCT02068690), which was split into two parts. The first part was a partially randomised, placebo-controlled, singleblind, single-rising dose (SRD) component. The partially randomised design was utilised to maintain, for safety reasons, an initial treatment sequence of active-placeboactive-active 1 h apart in the first cohort of each dose level, ensuring an interval of at least 2 h between the first and second active dose of each dose level, which was expected to be sufficient to detect relevant acute effects of BI 425809 whilst protecting patient safety. This part aimed to assess the safety and tolerability of single doses of BI 425809, ranging from 0.5 to 150 mg. The secondary aim was to investigate the pharmacokinetic profile of BI 425809, including dose proportionality. The second part of the trial was a randomised, open-label, three-way cross-over bioavailability/food effect (BA/FE) component involving three treatment periods. Part 2 aimed to assess the relative bioavailability of BI 425809 as a tablet or oral solution in the fasted state, and the relative bioavailability of the tablet in the fed versus fasted state.
Part 1: SRD Component Design
Eight volunteers were randomised to a single dose of BI 425809 as solution or placebo at each intended dose level: 0.5, 1, 2, 5, 10, 25, 50, 100 and 150 mg, administered in a fasted state. Within each dose group, six subjects received the active drug and two received placebo. For safety reasons, each dose group was split into cohorts of four subjects each. The randomisation was conducted using a computerised random number generator and was performed in blocks of four. This part of the study was conducted across 3 visits [Visit 1: screening; Visit 2: drug administration and plasma sampling (on Day 1 of each visit)], followed by continuous medical care of a physician or the medical staff for 34 h after administration and adequate safety monitoring up to Day 9 of each visit; and Visit 3: end-of-study examination].
For pharmacokinetic assessment, 2.7 mL of venous blood samples were taken at 0.25, 0.5, 0.75, 1, 1.5, 2, 3, 4, 5, 6, 8, 10, 12, 24, 34, 48, 72, 96, 120, 144, 168 and 192 h using an indwelling cannula. All blood samples were centrifuged at 2000-4000 g at 4-8°C for at least 10 min, with intermittent [17] storage on ice. The plasma obtained was split into two cryotubes, which were frozen immediately (no later than 60 min after blood sampling). Both aliquots contained at least 0.5 mL of plasma (one for the analysis and the other was used as an analytical back-up sample). The plasma samples were then stored frozen, in upright position at -20°C or below until analysis. Urine was collected 0-4, 4-8, 8-12 and 12-24 h and then at 24-h intervals up to 192 h to determine the concentration of BI 425809 excreted.
Part 2: BA/FE Component Design
A separate group of 12 healthy volunteers was randomised (using a computerised random number generator) to receive (1) BI 425809 25 mg as a tablet in the fasting state (reference treatment, R), (2) BI 425809 25 mg as a tablet after a standardised high-fat, high-calorie meal (test treatment, T1) and (3) BI 425809 25 mg as solution in the fasting state (test treatment, T2); subjects were thereby allocated to one of six possible treatment sequences: R/T1/ T2, R/T2/T1, T1/T2/R, T1/R/T2, T2/T1/R or T2/R/T1. This part of the study was conducted across five visits [Visit 1: screening; Visits 2, 3 and 4: drug administration and plasma sampling (on Day 1 of each visit), followed by pharmacokinetic collection and safety monitoring up to Day 9 of each visit (each treatment was separated by a washout phase of at least 14 days); and Visit 5: end-ofstudy examination].
BI 425809 was administered after an overnight fast of at least 10 h for the fasting assessments and 30 min after a highcalorie, high-fat breakfast for the fed assessments. Blood samples for pharmacokinetic assessment were taken at the same time points as in Part 1, after treatment administration.
Both parts of the study were approved by the Independent Ethics Committee at the Human Pharmacology Centre of Boehringer Ingelheim Pharma GmbH and Co. KG, Ingelheim, Germany, according to national and international regulations. The study was conducted in accordance with the International Conference for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use Guideline for Good Clinical Practice and local legislation, in accordance with the principles of the Declaration of Helsinki [10, 11] . All subjects provided written, informed consent before procedures were performed.
Treatments
Part 1: SRD Treatments
BI 425809 was provided as a prepared solution in amber glass bottles at concentrations of 0.5, 5 or 50 mg/mL. Solutions were prepared at the study site before administration using BI 425809 powder for reconstitution and a solvent of 55% polyethylene glycol 400, 30% vitamin E polyethylene glycol succinate, 10% ethanol and 5% purified water (Boehringer Ingelheim Pharma GmbH & Co. KG, Germany). Placebo solutions contained only the solvent. Subjects were blinded to treatment.
Part 2: BA Treatments
Subjects received BI 425809 25 mg as a 5-mg/mL solution or as a 25-mg tablet.
Subjects
Inclusion Criteria
Subjects included in this study were healthy male volunteers, 18-45 years of age, with a body mass index (BMI) of 18.5-29.9 kg/m 2 .
Exclusion Criteria
Subjects were excluded if they showed evidence of a concomitant disease upon examination, vital sign assessment, electrocardiograms (ECG) or laboratory test [follicle-stimulating hormone (FSH), luteinising hormone (LH) and haemoglobin values were to be strictly within the reference range]. Other exclusion criteria included gastrointestinal, hepatic, renal, respiratory, cardiovascular, metabolic, immunological or hormonal disorders; diseases of the central nervous system (such as epilepsy), other neurological disorders or psychiatric disorders; history of relevant orthostatic hypotension, fainting spells or blackouts; chronic or relevant acute infections; history of relevant allergy/hypersensitivity (including allergy to the trial medication or its excipients) or evidence or history of macular degeneration or any abnormal finding in colour discrimination test. Subjects were also excluded if they had a history of surgery of the gastrointestinal tract that could have interfered with kinetics of the study drug, had taken drugs with a long half-life (more than 24 h) within 30 days or less than 10 half-lives before study drug administration or had use of any drug within the previous 10 days that may have influenced the study results or prolonged QT interval. Additional exclusion criteria included drug abuse, excessive alcohol intake ([20 g/day), use of tobacco ([10 cigarettes, three cigars/pipes per day) or inability to refrain from smoking on study days and blood donation of [100 mL within 30 days before the study.
Study Endpoints and Assessments
The primary endpoint was the frequency [n (%)] of subjects with drug-related adverse events (AEs) following single-rising doses, as determined by the investigator. An AE was defined as any untoward medical occurrence, including an exacerbation of a pre-existing condition, in a subject who received the study drug. The event did not have to have a causal relationship with the treatment. The intensity of AEs were graded as mild (awareness of symptom[s] which were easily tolerated), moderate (enough discomfort to cause interference with usual activity) or severe (incapacitating/causing inability to work or to perform usual activities). AEs included clinically relevant findings from safety laboratory tests (chemistry; haematology; enzymes and hormones including LH, FSH, testosterone and sex hormone-binding protein), neurological examination, 12-lead ECGs, vital signs (blood pressure), oxygen saturation (SpO2), physical examinations (occurrence of findings), visual tests (colour discrimination, Amsler grid and visual acuity), and Bond and Lader [8] and Bowdle [9] visual analogue scales (VAS) for possible psychedelic effects. Safety assessments were carried out at several time points through Days 1-9 and spontaneous AEs (including details of the time of onset, the end time and the intensity of these events) were recorded throughout the study. Subjects were kept under close medical surveillance until at least 34 h following drug administration and were allowed to leave the trial site after formal assessment and confirmation of their fitness by the investigator.
Secondary endpoints included the pharmacokinetic parameters of maximum plasma concentration (C max ) and area under the concentration-time curve from time zero extrapolated to infinity (AUC 0-? ) of BI 425809. Other pharmacokinetic parameters examined were AUC from time zero to the last measurable concentration (AUC 0-tz ), AUC from time interval t 1 to t 2 (AUC t1-t2 ), time to C max (t max ), terminal half-life (t ), fraction eliminated in urine from time point t 1 to t 2 ðf e t 1 Àt 2 Þ, amount of analyte in urine over the time interval t 1 -t 2 ðAe t 1 Àt 2 Þ, apparent clearance after extravascular administration (CL/F) and apparent volume of distribution during the terminal phase after extravascular administration (V z /F).
Bioanalytical Assay
Concentration of BI 425809 in both plasma and urine were analysed at BI Pharmaceuticals, Inc., Ridgefield, CT, USA, using a validated liquid chromatography tandem mass spectrometry method.
The concentration of BI 425809 was determined over the range of 1.00-1000 nM using linear calibration standard curves (seven concentration levels) with 1/x 2 weighting. Drug concentration data identified below the lower limit of quantification (BLQ) were displayed as such and not replaced by zero at any time point (including the lag phase and predose values). For the non-compartmental analysis, concentration values identified as BLQ in the lag phase were set to zero. The lag phase was determined as the period between time zero and the first time point with a concentration above the quantification limit.
During the study, assay performance was assessed by back-calculation of calibration standards, tabulation of the standard curve fit function parameters and measurement of quality control samples. The quality control plasma samples were prepared in K3-ethylenediaminetetraacetic acid human plasma at three concentration levels and those for the urine samples were prepared in 0.05% Tween 20 human urine, also at three concentration levels. These samples were analysed to assess accuracy and precision of pharmacokinetic measurements.
The pharmacokinetic software used in this study was Phoenix WinNonlin Version 6.3 (for the non-compartmental analysis). Statistical analysis software, Version 9.2 was used to produce graphs and tables.
Criteria for Relative Bioavailability Investigation
For trials investigating relative bioavailability, the crossover design is viewed favourable due to its efficiency: since each subject served as his own control, the comparison between the treatments was based on a comparison within subjects rather than between subjects. Thus, the inter-subject variability was removed from the comparison between treatments, resulting in a lower number of subjects required.
Statistical Analysis
Part 1: Determination of Sample Size
A total of 72 subjects were planned for inclusion in this component of the study. The planned sample size was not based on a power calculation; eight subjects per dose group (six on active treatment and two on placebo) is commonly used in SRD studies of this nature and is generally considered sufficient for the exploratory evaluation of single dose safety and pharmacokinetics [12] .
Part 1: SRD Statistical Analysis
All subjects from Part 1 who received active treatment of BI 425809 and had at least one observation for the endpoints of C max , AUC 0-? , AUC 0Àt z and Ae t 1 Àt 2 without important protocol violations were included for statistical analysis. C max , AUC 0-? , AUC 0Àt z and Ae t 1 Àt 2 were assessed for dose proportionality using a power model in which a regression model was applied to log-transformed data. The corresponding analysis of covariance model included the logarithm of the dose as a covariate. Analysis of safety, disposition, demographic data and baseline characteristics included all subjects who received at least one dose of the study drug.
Part 2: Determination of Sample Size
A total of 12 subjects were planned for inclusion in this component of the study, with all subjects receiving BI 425809 25 mg. With this sample size, sufficient precision [defined through the ratio of upper to lower confidence interval (CI) limit] in estimating the ratio of geometric Means (gMeans; test/reference) could be expected with 95% probability.
Part 2: BA/FE Statistical Analysis
All subjects from Part 2 of the study with at least one observation for at least one of the endpoints of AUC 0-? , AUC 0Àt z or C max of BI 425809 were included for statistical analysis. Analysis of safety, disposition, demographic data and baseline characteristics included all subjects who received at least one dose of study drug. Relative bioavailability was based on an analysis of AUC 0-? , AUC 0Àt z or C max parameters, using the transformed natural logarithms. The statistical model analysed variance on the logarithmic scale, while including sequence, subjects within sequence and period and treatment effects to account for potential variation. The difference between the expected means for test treatments and reference treatment was estimated by the difference in the corresponding leastsquares means (point estimate), and their two-sided 90% CIs based on the t distribution were computed. These quantities were then back transformed to the original scale to give the point estimator gMean and interval estimates for the ratio between value-under-test and value-under-reference treatments.
Parts 1 and 2: Safety Endpoints
Safety data were analysed descriptively.
Results
Study Population and Subject Disposition
A total of 83 subjects were entered into the trial, all of whom completed the trial and were included in the evaluation. In Part 1, 72 subjects were assigned to nine sequential dose groups: 54 subjects received BI 425809 and 18 subjects received placebo. Dose escalation was terminated after 150 mg (maximally tolerated dose) owing to dose-limiting AEs that were observed at this dose.
In Part 2 (BA/FE), 11 subjects were treated with BI 425809. Two subjects received the wrong treatment at Visit 3 and for this visit only they were excluded from pharmacokinetic but not from safety analyses. None of the subjects discontinued the trial early.
The demographic data for Part 1 (SRD), Part 2 (BA/FE) and both parts together are shown in Table 1 . All 83 healthy volunteers were white men. Across both groups, the mean (standard deviation; SD) age of the subjects was 32.5 (7.9) years. The mean BMI (SD) was 25.5 (2.27) kg/m 2 . The demographic characteristics across dose groups in both components (SRD and BA/FE) were largely similar, except that subjects receiving BI 425809 10 mg were younger (mean 25.0 years) than in the other SRD groups (range of means 29.3-38.5 years).
Safety and Tolerability
During both parts of the study, 47/83 subjects (56.6%) reported at least one AE (Table 2) . Overall, 33 subjects (39.8%) had at least one AE that the investigator assessed as related to treatment: 27 (37.5%) in Part 1 and six (54.5%) in Part 2 (see below for further details). There were no clinically relevant changes in laboratory parameters, including hormone levels [FSH, LH, sex hormonebinding protein and testosterone (total, free, free androgen index)], haematology or vital signs (including SpO 2 ) seen in either part of the study. No clinically relevant abnormal findings for ECGs were reported. Individual ECG intervals were mostly within or only slightly outside the respective reference ranges with a few exceptions. In general, no statistically relevant differences in changes from baseline of QTcF interval, QT interval or heart rate (HR) between placebo and any of the doses tested in Part 1, and no indications of a dose-response relationship were found. No clinically relevant abnormal findings for neurological examinations were reported. There were no serious AEs reported.
In the SRD group, 39/72 subjects (54.2%)-34/54 receiving BI 425809 (63.0%) and 5/18 receiving placebo (27.8%)-experienced at least one AE. There was a doserelated increase in the incidence of AEs in this part of the study, from 16.7% in the 0.5-mg group to 100% in the 150-mg group. Except for one, all AEs were of mild or moderate intensity. One severe AE occurred after administration of BI 425809 150 mg: vomiting accompanied by nausea, vertigo and a moderate headache as well as blurred vision and mild dizziness. This AE was considered drug related and required treatment. The subject recovered from all events on the same day of the drug administration.
The most commonly reported AEs in Part 1 were headache, fatigue, blurred vision, vertigo, dizziness, somnolence, photopsia and back pain. In terms of nervous system disorders, headache was more common at lower doses (0.5-25 mg) whereas dizziness, somnolence and ataxia predominated at higher doses. Eye disorders appeared to be dose related and were only seen at doses of 100 or 150 mg; in the 100-mg group, one subject experienced blurred vision and, in the 150-mg group, all six subjects reported at least one of the following AEs: photopsia (flashing lights), blurred vision or chromatopsia (change in colour perception). Colour discrimination and visual acuity tests showed no changes from baseline, although two subjects in total, receiving BI 425809 25 and 100 mg, reported abnormalities on the Amsler grid test. These abnormalities were recorded as 'visual field tests abnormal' and 'vision blurred', respectively. Bond and Lader VAS and Bowdle VAS scores for subjective feelings of sedation showed an increase at doses of 10 mg and greater. Bond-Lader VAS scores of other items (calmness, contentment and aspects of external and internal perception) were increased at the dose levels of 100 and 150 mg.
It is worth mentioning, that the frequently reported AEs of nervous system and eye disorders reported in the higher dose groups (drowsiness, vertigo, tiredness, ataxia, blurred vision, photopsia) occurred shortly after administration (usually within 1 h) and resolved within 2-3 h. Headache was reported at different time points on the first day of dosing and generally disappeared within 12 h.
Pharmacokinetic Results
Part 1: SRD Pharmacokinetics
The plasma concentration-time profiles of BI 425809 were similarly shaped at all dose levels assessed and were characterised by rapid absorption (median t max of * 45 min) followed by at least a biphasic distribution phase (Fig. 2a) . Inter-individual variability (as shown by the geometric coefficient of variation) ranged from 8 to 49% for pharmacokinetic parameters based on plasma levels and from 24.8 to 95.2% for parameters based on urine levels. The t , CL/F, V Z /F and fractional excretion in urine were independent of administered dose ( Table 3 ). The slope of the linear regression analysis was close to one for plasma pharmacokinetic exposure (C max , AUC 0-? and AUC 0Àt z ) and urinary excretion (Ae 0-192 ), indicating a high degree of dose proportionality across the dose range tested (Table 4 ).
Part 2: BA/FE Pharmacokinetics
The median t max in plasma was 0.875 h for the 25-mg solution under fasted conditions and increased to 4 h for the 25-mg tablet under fasted conditions. When the 25-mg tablet was administered under fed conditions, the median t max was 1.77 h (Fig. 2b) . Thus, the plasma pharmacokinetic profiles were shaped differently between the treatment groups. The absorption phase was longer under fasted conditions, resulting in a later t max , but the distribution and the elimination phases were similarly shaped across all treatments. The bioavailability of BI 425809 administered as a tablet was higher under fed conditions than in the fasted state (Table 5 ).
The bioavailability of BI 425809 administered as a tablet was lower than the bioavailability of BI 425809 administered as oral solution (Table 5 ). The adjusted gMean ratios for AUC 0Àt z and C max for comparison of BI 425809 administered as a tablet fasted versus oral solution fasted were 80.5% (90% CI 74.0, 87.6%) and 50.0% (90% CI 45.1, 55.4%), respectively. The adjusted gMean ratios for AUC 0Àt z and C max for comparison of BI 425809 tablet administered under fed versus fasted conditions were 125.9% (90% CI 115.7, 137.0%) and 142.1% (90% CI 128.3, 157.4%), respectively. BMI body mass index, SD standard deviation Table 2 Summary of AEs 
Discussion
This study demonstrated that a single dose of BI 425809 was generally well-tolerated at the anticipated therapeutic dose range of 5-25 mg, with increased incidences of AEs at higher doses. A qualitative review of the frequency of AEs showed relatively few AEs; those that were observed, including drowsiness, vertigo, tiredness, ataxia, blurred vision, photopsia, were generally in line with reports of other GlyT1 inhibitors [13] [14] [15] . Similar to recently published studies, incidences of AEs increased dose dependently [13] . The most common AEs were central nervous system and visual effects. In this study, the incidences of nervous system disorders (fatigue, dizziness, somnolence and ataxia), eye disorders (photopsia, blurred vision and chromatopsia) and ear and labyrinth disorders (vertigo) occurred with increased frequency and intensity at the dose levels 100 and 150 mg. Further dose escalation was, therefore, stopped at 150 mg. The occurrence of the nervous system and eye disorders appeared around 1 h after drug administration, and therefore, correlates with the rapid absorption of BI 425809 (t max values of approximately 45 min after drug administration) and disappear with declining plasma concentration of BI 425809. A signal for a potential sedating effect and perceptual alterations was observed at higher doses of BI 425809. There were no significant changes in hormone levels after a single oral dose of BI 425809 in the current study. These observations provide important information regarding safety profile, which will support the ongoing clinical development of BI 425809.
The concentration-time profiles of BI 425809 were similar across all dose groups and dose proportionality was observed in all exposure parameters (AUC 0Àt z , AUC 0-? , C max ) across the entire dose range (0.5-150 mg). Fractional renal excretion was low (5%) and similar across all dose groups. The gMean t of BI 425809 was not dose related and ranged between 32.5 h and 47.0 h. Overall, the kinetics of BI 425809 reinforces the suitability of the BI 425809 tablet for once-daily administration.
The bioavailability of BI 425809 from the 25-mg tablet was lower than from the 25-mg solution. There was also a difference in the median t max due to different absorption phases, but the curves from the distribution and elimination phases were similarly shaped. The bioavailability of BI 425809 from a 25-mg tablet was higher after food than when taken in a fasted state. Consequently, the AE profile of doses observed in this study may be somewhat different from that observed of similar doses with the tablet formulation, which has lower exposure. Both observations might be explained by the physiochemical properties of BI 425809, as it is a Class II compound (according to the Biopharmaceutics Classification System) [16] with low intrinsic solubility and high permeability. The administration of BI 425809 with food may increase its intrinsic solubility.
A limitation of Part 1 of this study is that the safety profile may not be predictive for higher dose levels of the tablet as it is not only the total exposure level but also the absorption kinetics that could trigger AEs. Additionally, as with typical first-in-human studies, there could be no conclusions on drug behaviour in women, elderly volunteers and patients. Also, there could be no conclusions on drug behaviour after multiple doses of BI 425809 or possible pharmacodynamic effects, as both were not investigated. Finally, because of the small number of subjects in this study, rare AEs could not be identified. 
Conclusions
In this first-in-human single-dose study, BI 425809 was well-tolerated by healthy male subjects within a clinically relevant dose range (up to 25 mg) but higher doses showed increased incidences of AEs and the occurrence of sedative effects and perceptual alterations. The pattern of AEs was in line with a possible GlyT1-inhibiting effect. The pharmacokinetic profile of BI 425809 reinforces the suitability of the BI 425809 tablet for once-daily administration.
